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Abstract 
Groundwater model as a tool is being used for various engineering applications. However, it is difficult to develop a 
groundwater model to truly represent a site condition with complex hydrogeological/geological conditions.   A few 
aspects are addressed in this study: 1) multiple model layers should be used for a single hydrogeological unit in order 
to obtain more accurate solution to a groundwater flow system under certain conditions such as vertical hydraulic 
gradient are obvious and significant aquitards are present; 2) when the topographic surfaces changes sharply across 
the model domain, very fine and multiple layers can be used with flat model layer elevations that do not follows the 
natural unit surfaces as long as the hydraulic properties of various formation can be properly implemented in the 
model in the 3D domain. This approach proved to be numerically stable and more efficient using MODFLOW; and 3) 
multiple lines of evidences for model calibrations should be investigated when modeling groundwater flow systems 
with complex conditions to ensure the accuracy and representation of the model.  
Keywords: Groundwater Modeling; Dewatering; Complex Hydrogelogical Conditions; Multiple Layers; Finite Difference; 
MODFLOW 
* Corresponding author. Hongze Gao. Tel.: +1-519-884-0510; fax: +1-519-725-1394. 
E-mail address: hgao@CRAWorld.com. 
1878–5220 © 2011 Published by Elsevier Ltd.
 Selection and peer-review under responsibility of China Coal Society
© 2011 Published by Elsevier Ltd.
 Selection and peer-review under responsibility of China Coal Society
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
24   Hongze Gao /  Procedia Earth and Planetary Science  3 ( 2011 )  23 – 28 
1. Introduction 
Groundwater model has been widely used as a very important tool for various engineering applications such as 
mining safety control, design of groundwater extraction system for mining, soil excavation, groundwater remediation, 
etc., and to perform chemical transport model simulations to evaluate the history of chemical release, to predict the 
migration of known chemical plumes in groundwater systems. There is a growing demand to develop an accurate 
groundwater model to meet the requirements from various engineering applications, which are inevitably under 
complex geological and hydrogeological flow conditions in the real world. A well representative groundwater model 
becomes a key to the success of a engineering implementation, such as a groundwater dewatering system design to 
ensure the safety of mining caused by potential groundwater in-rush and/or flooding, to obtain optimized 
groundwater extraction system for the best performance in groundwater remediation, etc. 
Typically, groundwater flow systems are modeled in a three-dimensional (3D) manner. When dealing with a flow 
domain with complex hydrogeological conditions, it could encounter a real numerical oscillation and/or instability for 
finding the true solution to the flow equation, in particular, using finite difference method. Alternative model 
discretization in the vertical direction can effectively enable a finite difference model to simulate the complexity of 
the hydrogeology. This method involves using flat and refined model layers regardless the actual surfaces of the 
geological and/or hydrogeological units and the actual variations of the units/formations are represented in 
corresponding hydraulic property zones with proper geo-reference locations and elevations in the model. When finite 
element method is to use  MODFLOW-2000 [1] is the first choice since it has been well accepted by the industry and 
regulatory agencies in most countries throughout the world such as North America and Europe. The results and 
discussions are all associated with using MODFLOW. It is described briefly in the following section 
2. Description of the Selected Software for Flow Modeling 
It is known that various numerical methods (i.e., finite difference method, finite element method, etc.) 
are used in the industry. Each one has its advantages and disadvantages in engineering applications.  The 
advantages and disadvantages of each method are out of the contents of this presentation. This study 
selectively used MODFLOW and any simulations and the derived results are associated with MODFLOW 
for the purposes this presentation.  
MODFLOW, developed by the U. S. Geology Survey (USGS), is capable of simulating steady-state or 
transient groundwater flow in one, two, or three dimensions.  MODFLOW is based on the 
finite-difference method; a method leading to a numerical approximation that allows for a description and 
solution of complex groundwater flow problems.  A rectangular grid is superimposed over the study area 
to horizontally subdivide the region of interest into a number of rectangular cells.  Layers are used to 
subdivide the study are vertically into units of common hydrogeologic properties.  Groundwater flow is 
formulated as a differential water balance for every model cell and hydraulic head is solved for at the 
center of every model cell.  MODFLOW allows for the specification of flows associated with wells, areal 
groundwater recharge, rivers, drains, streams, flow barriers and other groundwater sources/sinks. When 
properly conceptualized and constructed, MODFLOW model can simulate groundwater flow with a fast, 
good convergency and an accurate solution for most complex groundwater flow systems which is 
especially useful for mining and groundwater remediation engineering applications. 
3. Implementation of Groundwater Flow System with Complex Conditions in Numerical Models 
All analytical and numerical solutions to groundwater flow models have certain assumptions to 
simplify the flow systems in order to make the solutions consistent with the assumptions that the 
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formation of the flow equations relies upon. For a site where the geological and hydrogeological 
conditions are complicated, all analytical methods will be deemed not representative (where by the results 
can only used as a ballpark estimate). Numerical models can be used to represent a flow system for a site 
with complex hydrogeological conditions, such as a system with multiple aquifers with different flow 
directions due to difference aquifer stresses, strong upward or downward hydraulic gradients across a site 
due to the presence of hydraulic units with difference hydraulic properties, or under dewatering conditions 
of the aquifer; etc.  However, different approaches of representing a flow domain in the model may yield 
different solutions to a problem. These approaches may involve different ways of vertical discretization, 
of the representation of the various hydraulic units, of representing the boundary conditions, etc.  This 
study focuses on the approach of representation of hydraulic units and it’s potential impact to the 
numerical solutions  
 Typically, a groundwater flow model vertical discretization follows the natural layering properties 
regardless of the unit thickness and geological unit topographical surface sloping conditions. In this case, 
a single geological/hydrogeological unit is commonly represented as a single model layer with layer top 
and bottom elevations following the natural surfaces (Figure 1 and Figure 2a).   
Figure 1: Three Model Layers Following the Geological Units 
One of the disadvantages of using this approach for vertical discretization is that, in the case of 
geological unit surfaces drop sharply (Figures 1 & 2a), the model layers may run discontinuously causing 
the model cells in the same model layer poorly connected or disconnected horizontally (Figure 2a). This 
can result in a significant numerical instability and non-convergency for a flow model. Also, further 
vertical discretization following the geological unit surface topography, would cause the situation worse, 
especially when transport model is to be constructed on this basis. An alternative way of getting rid of this 
potential problem is to use multiple model layers with layer top and bottom literally flat throughout the 
flow model domain while all hydraulic properties at the same elevations and geo-referencing locations 
remain the same, especially at the topography  sharp dropping zone (transitional zone) (Figure 2b). This 
method proves to be numerically sound and can provide a more accurate solution to represent the site 
conditions; which will be detailed further in Section 4. 
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Figure 2:  Implementing complex geology with flat multiple layers 
Figure 3: Effect of vertical discretization on simulation results (Illustrative Simulations) 
4. Multiple-Layer Models Improve Model Accuracy 
For a site with very complex hydrogeological conditions, model-layer model can more accurately 
represent the flow conditions, particularly for a site with strong and/or variable vertical hydraulic 
gradients. More specifically, the aquitard units and the neighboring geological units need to refined 
vertically, especially when pumping test (and chemical transport) simulations are involved.  Figure 3a is 
the model simulated heads over time for a groundwater pumping scenario using both 4-layer and 50 layer 
discretization. In the 4-layer model, each hydraulic units (including the aquitard) was represented with a 
single model layer, while the 50-layer model apparently represented the single hydraulic unit with much 
finer multiple layers. It shows the simulated heads are different at certain distance away from the pumping 
well at certain depth.  Figure 3b presents the significant difference of the simulated chemical plume along 
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a cross-section using different vertical discretizations. Figures 3 clearly demonstrate the accuracy of using 
multiple model layers.  
5. Groundwater Flow System Calibration in Complex Conditions 
It is generally difficult to develop a groundwater flow model and calibrated well against the actual 
observed conditions due to the complexity of the virtual condition and the non-uniqueness of the 
numerical solutions.  It is quite common that modelers rely on the statistic errors to reach to a stage that 
the model calibration is done and that the results are acceptable. This is not quite true when it comes to a 
site with complex hydraulic conditions. A good example can be show on Figure 4.  As shown on Figure 4, 
Case A has relatively smaller general errors than Case B. The model calibrated input parameters are all 
with the reasonable ranges provided in Literature [2][3]. However, Case A failed to represent the primary 
flow direction in the key area of the site. Figure 4 demonstrates the different flow directions could occur 
under a complex hydraulic condition even the model simulation error statistics are similar and acceptable 
using the industrial standard of engineering practice. This comparison indicates that in the process of 
groundwater flow model calibrations, more lines of evidence should be investigated and that it may lead 
to significant model errors if only one line of evidence is used.  
Figure 4 Acceptable calibration statistics results do not ensure a good calibration results 
As a well calibrated model particularly for the site with complex hydrogeological flow conditions, the 
following lines of evidence for model calibrations should be investigated: 
x Model-simulated versus observed heads and the errors statistics 
x Simulated groundwater flow directions 
x Simulated vertical hydraulic gradients if present 
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x Multiple observation events if available 
x Short-term and/or long term pumping test simulation if available 
x Simulated versus observed dewatering rates if available. 
One of the successful case is a 3D flow model developed for a quarry mining site in Canada. The 
bedrock groundwater flow model was developed for use in assisting with the design of a proposed 
limestone/dolostone quarry, and predicting impacts to the regional groundwater flow system as a result of 
the quarry development and the proposed future full rehabilitation conditions.  The quarry mining plans 
includes both "dry" and "wet" extraction operations.  Due to the proximity of sensitive ecological 
receptors and residents, mitigation measures including multiple quarry ponds, grout curtains, and 
groundwater re-injection where required. This 3D groundwater flow model was developed and calibrated 
with various flow conditions such as dry/wet conditions and long-term average conditions, a long-term 
pumping test (with groundwater recovery), and the mining pit dewatering rates together with the settling 
pond observed leakage rates.  All aspects were matched reasonable well, which ensured the reasonable 
representation of the numerical model to the true Site groundwater flow conditions under current mining 
conditions.  
6. Conclusions 
Different model discretization methods may be used to represent hydrogeological/geological units in a 
3D numerical MODFLOW model. For a ground flow system with complex hydrogeological and 
geological conditions, the number of model layers may have a potential impact on the model simulation 
results, especially when vertical hydraulic gradients are obvious or aquitard(s) are present in the 
groundwater flow system. Model vertical discretization is required to be fine enough especially when 
chemical transport modeling is to be performed afterward. In case of surfaces of hydraulic units slope 
sharply, the approach of using the single layer to represent a single units may be inefficient in numerical 
simulations and may results in inaccurate simulations results. The approach of using multiple flat model 
layers (with model bottom/top elevations not following the bedding surfaces) proved to be more efficient 
and numerical sound. This approach requires that the geo-reference locations and the corresponding 
elevations of the hydrogeological units are represented in the model using the corresponding hydraulic 
properties. 
When the site conditions are complicated, multiple lines of evidence for model calibration should be 
used for to ensure the developed model can truly represent site groundwater flow conditions. 
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